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(54) Charge pump phase locked loop 



(57) A phase tock loop circuit 60 has a phase fre- 
quency detector 62, a charge pump 64, an active filter 
87 and a voltage-controlled oscillator 100. The phase 
detector generates UP and DN signals indicative of the 
relative frequency of F R , a reference signal, and Fv, a 
signal controlled by the voltage-controlled oscillator. A 
charge pump using logic gates (buffer 66 and inverter 
68) to produce a voltage drop over resistors 74 and 84 



to generate a voltage at a node coupled to the input of 
transmission gate 76 according to the values of the UP 
and DN signals. When the transmission gate 76 is 
closed (low impedance) the charge pump may sink or 
source current to the inverting input of the operational 
amplifier 86 of the active filter 86. When the transmission 
gate is open (high impedance state) the inverting input 
is electrically isolated from the node. 
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Description 

BACKGROUND OF THE INVENTION 

1. TECHNICAL FIELD 

[0001] This invention relates in general to electronic 
circuits and more particularly, to phase locked loop cir- 
cuits. 

2. DESCRIPTION OF THE RELATED ART 

[0002] A phase locked loop (PLL) synchronizes an 
output signal to a reference signal. Phase locked loops 
are used in a variety of electronic circuits for frequency 
synthesizing, frequency and phase modulation and de- 
modulation, clock recovery and clock synchronization, 
among other uses. 

[0003] Figure 1 a illustrates a basic diagram of a PLL. 
A phase frequency detector (PFD) 12 receives two sig- 
nals, FR, a reference signal, and F v , a divided-down ver- 
sion of the output signal. The PFD generates UP and 
DN (down) signals, indicating whether the frequency of 
the output signal needs to increase (UP high) or de- 
crease (DN high). The UP and DN signals are input into 
a loop filter 1 6. When UP is high and DN is low, V c rises, 
thereby increasing the frequency of the output of the 
VCO 18. Similarly, when DN is high and UP is low, V c 
falls, thereby decreasing the frequency of the output of 
the VCO 1 8. In many cases, a divider 20 is used to divide 
the frequency to a lower frequency by a factor of N; in 
this case F out =ATF R . 

[0004] Figure 1b illustrates a schematic diagram of a 
prior art active filter that may be used as the loop filter 
1 6 in the PLL of Figure 1 a. The DN signal from the PFD 
12 is coupled to the inverting input of operational ampli- 
fier (op-amp) 22, via resistor 24. The UP signal from the 
PFD 12 is coupled to the non-inverting input of op-amp 
22 via resistor 26. The output of op-amp 22 is coupled 
to its inverting input via capacitor 28 and resistor 30. The 
non-inverting input is coupled to ground via resistor 32 
and capacitor 34. 

[0005] This type of filter is not often used in integrated 
applications, mainly because it requires a dual voltage 
supply and needs two tightly matched filters. Also, since 
both inverting and non-inverting inputs are driven by the 
PFD 12, this filter exhibits common mode problems. 
[0006] Figure 1c illustrates a schematic of a second 
active filter that may be used as the loop filter 1 6 in the 
PLL of Figure 1 a. The UP signal from the PFD 1 2 is cou- 
pled to the inverting input of operational amplifier (op- 
amp) 40, via resistor 42. The DN signal from the PFD 
1 2 is coupled to the non-inverting input of op-amp 40 via 
resistor 44. The output of op-amp 40 is coupled to its 
inverting input via resistor 46. The non-inverting input of 
op-amp 40 is coupled to ground via resistor 48. The out- 
put of op-amp 40 is coupled to the inverting input of op- 
amp 50 via resistor 52. The output of op-amp 50 is cou- 



pled to its inverting input via capacitor 54 and resistor 
56. The non-inverting output is coupled to a DC voltage, 
Voc 

[0007] This design also is not particularly useful for 
5 integrated designs, since it requires two op-amps, which 
results in larger area requirements and higher noise and 
power consumption. Once again, matching the filters is 
difficult to achieve optimum performance. Also, op-amp 
40 does not present a high impedance state to op-amp 
10 50 and : thus : all of the noise from resistors 42, 46, 44 
and 48 and PFD 12, and the DC mismatch between op- 
amp 50 and the inverting input of op-amp 50 will intro- 
duce spurs (feed-through). 

[0008] A different type of PLL is the charge-pump 
15 phase locked loop (CP-PLL). A CP-PLL pumps current 
in and out of a loop filter in response to detected devia- 
tions between the output frequency and the reference 
frequency. Among other factors, CP-PLLs are consid- 
ered superior with regard to frequency range and cost. 
20 However, these devices may be difficult to integrate onto 
silicon die. which is highly desirable in many applica- 
tions. 

[0009] A basic block diagram of a CP-PLL 58 is shown 
in Figure 2. In this design, a phase frequency detector 

25 (PFD) 12 receives two signals, F R: a reference signal, 
and F v , a divided-down version of the output signal. The 
PFD 12 generates UP and DOWN pulses, indicating 
whether the frequency of the output signal needs to in- 
crease (UP pulsed) or decrease (DOWN pulsed). The 

30 UP and DOWN pulses cause a charge pump 1 4 to either 
source current into a loop filter 16 or sink current from 
the loop filter 1 6. As current is sourced to the loop filter 
16, V c rises, thereby increasing the frequency of the out- 
put of the VCO 18. Similarly, as the charge pump 14 

35 sinks current from the loop filter 1 6, V c falls, thereby de- 
creasing the frequency of the output of the VCO 18. 
[0010] The noise floor of a digital circuit and the noise 
current of the analog charge pump 1 4 represent the ma- 
jor noise contributors in a CP-PLL within the PLL band- 

40 width. In a traditional analog charge pump design used 
in CP-PLL applications, the noise contributions mainly 
come directly from the active devices used in the analog 
charge pump to sink and source current. In order to im- 
prove the signal-to-noise ratio, a higher reference cur- 

45 rent can be used in the charge pump; however, the high- 
er reference current may necessitate a higher capacitor 
value in the loop filter 16, preventing a possible integra- 
tion into a silicon die. In addition, mismatches between 
sink and source devices increase the spurious level that 
so must be filtered out with a lower bandwidth filter (again 
requiring a larger capacitor) and a consequently longer 
settling time. 

[001 1 ] Another critical issue for the traditional charge 
pump is the need of a complex and low noise biasing 
55 circuit and the requirements in terms of supply head- 
room. 

[0012] Therefore, a need has arisen for a compact 
charge-pump phase locked loop with low noise charac- 
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teristics. 

BRIEF SUMMARY OF THE INVENTION 

[0013] In the present invention, a phase locked loop 
circuit comprises a phase detector, a charge pump for 
generating a charge on a node responsive to the output 
of the phase detector, an active filter for generating an 
output responsive to the charge on the node and a volt- 
age controlled oscillator for generating an output fre- 
quency responsive to an output of said active filter. The 
charge pump includes a transmission gate for selective- 
ly providing a high impedance state between the node 
and the filter during inactive periods of the charge pump 
to electrically isolate the active filter from the charge 
pump. 

[0014] In this aspect of the present invention, the add- 
ed fast transmission gate at the charge pump output pro- 
vides the advantages of: (1) when the charge-pump is 
active, the charging of the active filter with high linearity 
(with low spurious emission) and (2) when the charge- 
pump is in an inactive state, the electrical isolation of 
the active filter from the charge-pump itself (with low 
noise and low spurious emission). 
[001 5] In a second aspect of the present invention the 
charge pump is implemented using digital buffers and 
inverters with resistors. In this aspect of the present in- 
vention the charge pump has a very low noise floor at 
active filter input This structure does not require an ex- 
tra op-amp (such as op-amp 40 in Fig. 1c) to make the 
difference between UP and DN signals, but the differ- 
ence is directly done on inverted input of the op-amp 
used to implement the active filter. 
[0016] The design of the phase locked loop of the 
present invention is amenable to integration on a sem- 
iconductor die, due to the small size of components 
used in the design. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 
THE DRAWINGS 

[0017] For a more complete understanding of the 
present invention, and the advantages thereof, refer- 
ence is now made to the following descriptions taken in 
conjunction with the accompanying drawings, in which: 

Figure 1a is a block diagram of a prior art phase 
locked loop device; 

Figure 1b is a schematic representation of a first 
embodiment of an active filter that can be used in 
the PLL of Figure 1a; 

Figure 1 c is a schematic representation of a second 
embodiment of an active filter that can be used in 
the PLL of Figure 1a; 

Figure 2 is a block diagram of a prior art charge 
pump phased locked loop circuit; 
Figure 3 is a partially block diagram, partially sche- 
matic diagram of a phase locked loop circuit with 



reduced noise and spurious emission characteris- 
tics that may be integrated into a semiconductor die; 
Figure 4 is a graph showing noise contributors; 
Figures 5a through 5c are timing diagrams showing 
5 noise levels and the operation of a dynamically con- 
trolled transmission gate to block noise. 

DETAILED DESCRIPTION OF THE INVENTION 

io [0018] The present invention is best understood in re- 
lation to Figures 3 through 5a-c of the drawings, like nu- 
merals being used for like elements of the various draw- 
ings. 

[0019] Figure 3 illustrates a schematic diagram of a 
'5 PLL 60 that can be fully integrated on a semiconductor 
die, with low noise characteristics, low spur levels and 
high linearity. A reference signal R F is input to PFD 62. 
PFD 62 outputs UP and DN pulses to a digital charge 
pump 64. The UP node of PFD 62 is coupled to a non- 
20 inverting buffer 66 and the DN node of PFD 62 is cou- 
pled to an inverting buffer 68. The output of the non- 
inverting buffer 66 is coupled to both gates of p-channel 
transistor 70 and n-channel transistor 72 that produce 
a logical inversion of the signal at the gates of the tran- 
25 sistors. A first source/drain of p-channel transistor 70 is 
coupled to V DD and a second source/drain of p-channel 
transistor 70 is coupled to a first source drain of n-chan- 
nel transistor 72. The second source/drain of n-channel 
transistor 72 is coupled to ground. The node connecting 
30 the second source/drain of p-channel transistor 70 and 
the first source/drain of n-channel transistor 72 is cou- 
pled to a first terminal of resistor .74 (having resistive 
value R1 ). The second terminal of resistor 74 is coupled 
to the input of transmission gate 76. Transmission gate 
35 76 is controlled by dynamic digital control 78. 

[0020] The output of the inverting buffer 68 is coupled 
to both gates of p-channel transistor 80 and n-channel 
transistor 82 that produce another logical inversion. A 
first source/drain of p-channel transistor 80 is coupled 
40 to V DD and a second source/drain of p-channel transis- 
tor 80 is coupled to a first source drain of n-channel tran- 
sistor 82. The second source/drain of n-channel transis- 
tor 82 is coupled to ground. The node connecting the 
second source/drain of p-channel transistor 80 and the 
45 first source/drain of n-channel transistor 82 is coupled 
to first terminal of resistor 84 (having resistive value R2). 
The second terminal of resistor 84 is also coupled to the 
input of transmission gate 76. The current through re- 
sistor 74 is designated as 11 , the current through resistor 
so 84 is designated as 12 and the current through transmis- 
sion gate 76 to the inverting input of op-amp 86 is des- 
ignated as Icp. 

[0021] The output of transmission gate 76 is coupled 
to the inverting input of op-amp 86 of the active filter 87. 
55 The non-inverting input of op-amp 86 is coupled to a DC 
voltage source. This voltage source comprises p-chan- 
nel transistor 90 and n-channel transistor 92. The gate 
of p-channel transistor 90 is coupled to ground and the 
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gate of n-channel transistor 92 is coupled to V DD . A first 
source/drain of p-channel transistor 90 is coupled to 
V DD and a second source/drain of p-channel transistor 
90 is coupled to a first terminal of resistor 91 . The first 
source/drain of n-channel transistor 92 is coupled to a 
first terminal of resistor 93. The second source/drain of 
n-channel transistor 92 is coupled to ground. The sec- 
ond terminals of resistors 91 and 93 are coupled to the 
non-inverting input of op-amp 86. 
[0022] The output of op-amp 86 is coupled to its in- 
verting input via capacitor 94 and resistor 96. The output 
of op-amp 86 is also coupled to a first terminal of resistor 
98. The second terminal of resistor 98 is coupled to in- 
tegrated VCO 100. A capacitor 102 is coupled between 
the input to VCO 100 and ground. The output of VCO 
1 00 is input to divider 1 04. The output of divider 1 04 (F v ) 
is coupled to PFD 62. 

[0023] The value of the resistors is designed such that 
R1=R2 = n*R3= n*R4. Since R1 will be proximate R2 
and R3 will be proximate R4, the matching of the ratios 
should be highly accurate, even in the face of process 
variations (better than 1% matching using standard 
processing techniques). In operation, non-inverting 
buffer 66 and inverter 68 operate to sink or source cur- 
rent to the inverting input of op-amp 86 as follows. As- 
suming transmission gate 76 is open (i.e. in a high im- 
pedance state), if UP and DN are both high, resistors 
84 and 74 will be series connected between V DD and 
ground. If UP and DN are both low, resistors 74 and 84 
will be series connected between V DD and ground. In 
either case, no current will be sourced to or drawn from 
the inverting node. Assuming transmission gate 76 is 
closed (i.e. in a low impedance state) if UP and DN are 
both high, resistors 84 and 74 will be series connected 
between V DD and ground. If UP and DN are both low, 
resistors 74 and 84 will be series connected between 
V DD and ground. In either case, no current will be 
sourced to or drawn from the inverting node due to the 
matching between the ratio R1/R2 and R3/R4. 
[0024] If UP is high and DN is low, resistor 74 will be 
between ground and the inverting input and resistor 84 
will be between the ground and the inverting input. As 
a result, current will sink from the inverting input and the 
voltage output of the active filter will increase. Accord- 
ingly, the frequency output from the VCO 100 will in- 
crease. 

[0025] On the other hand, if UP is low and DN is high, 
resistor 74 will be between V DD and the inverting input 
and resistor 84 will be between V DD and the inverting 
input. As a result, current will be drawn to the inverting 
input and the voltage output of the active filter will de- 
crease. Therefore, the frequency output from the VCO 
100 will decrease. 

[0026] The operation of the present invention, as de- 
scribed thus far, greatly improves on the noise charac- 
teristics in the prior art. With the traditional analog 
charge pump used for an integrated PLL, the noise con- 
tribution comes largely from the active devices used in 



the analog charge pump itself and from the mismatch 
between sinking and sourcing devices. The noise floor 
in the PLL bandwidth of the prior art PLL is limited by 
the analog charge pump. The charge pump uses large 
5 transistors and works with relatively high current in order 
to improve the signal-to-noise ratio. 
[0027] In the explanation above, it is assumed that the 
transmission gate 76 is open. The transmission gate 76, 
under control of dynamic digital control 78, is used in the 
10 preferred embodiment to provide additional digital noise 
filtering. The dynamic digital control circuitry 78 oper- 
ates responsive to the UP and DN signals to isolate the 
inverting input of op-amp 86 from the rest of the circuitry 
during time periods when the charge pump 64 should 
15 not be sinking or sourcing current into the inverting input. 
Specifically, the dynamic digital control circuit 78 pro- 
vides a current path to the inverting input from a time 
period just before either the UP or DN signals transition 
to an active voltage level and isolates the inverting input 
20 just after the UP or DN signal transition to an inactive 
voltage level (although exact timing of the opening and 
closing of the transmission gate 76 is generally not crit- 
ical). In this way, much of the noise due to the power 
supply and the resistors is decoupled from the inverting 
25 input, causing a reduction in the digital noise floor and 
the spurs due to any slight voltage mismatch between 
the inverting and non-inverting inputs. 
[0028] Because of the attenuation of noise, the resist- 
ance value of R1 , R2, R3 and R4 may be increased, with 
30 low impact on the phase noise (up to the level it is neg- 
ligible compared to the input noise of the op-amp 86), 
with the consequential reduction of the charge pump 
current in such a way as to allow reduction of the capac- 
itance of capacitor 94. With a smaller capacitance, it 
35 may be possible to integrate this capacitor onto the sil- 
icon die with the rest of the PLL. 
[0029] Figure 4 illustrates the phase noise contribu- 
tors for the embodiment shown in Figure 3. The noise 
is dominated by the reference clock F R phase noise for 
40 low frequency offset (frequency<1 kHz) by the digital 
noise floor in the close-in bandwidth (as shown, the PLL 
exhibits a very low noise floor), by the filter and the op- 
amp 86 at the limit of the PLL loop bandwidth, and by 
the VCO noise over the PLL loop bandwidth. 
45 [0030] The advantage of the embodiment of Figure 3 
is that the active device (op-amp 86) has a relatively low 
effect on noise contribution because it contributes only 
at the limit of the bandwidth like the filter contributors 
(resistors 96 and 98), an op-amp with standard charac- 
50 teristics is sufficient to reach high performance levels. 
Resistors 91 and 93 have a very low effect on noise con- 
tribution because they are connected to the non-invert- 
ing input of op-amp 86 and thus have a unity gain. Re- 
sistors 74 and 84, the inverter/non-inverting buffers 68 
55 and 66, and the PFD 62 contribute to the close-in noise 
floor of the PLL, with very low level of noise due to two 
reasons: (1) the input current to the op-amp 86 is not 
generated by active current generators, but ratherby re- 
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sistors 74 and 84 and gates (i.e., inverter/non-inverting 
buffers 68 and 66), which generate minimal noise and 
(2) the transmission gate 76 provides a high impedance 
state with fast switching characteristics, which isolates 
the op-amp 86 from the digital inverter/non-inverting 
buffers 68 and 66 and the resistors 74 and 84 for the 
vast majority of the time and make the op-amp 86 work- 
ing as a follower. 

[0031 ] Figures 5a-c better illustrate the benefits of the 
high impedance state provided by the transmission gate 
76. Figure 5a illustrates the generally low noise and spur 
characteristics of the PLL 60. As can be seen in Figures 
5b and 5c the UP signal transitions high responsive to 
an upward transition of the F n reference and the DN sig- 
nal transitions high responsive to an upward transition 
of the F v signal. The UP and DN signal overlap for 3ns 
before both transitioning to a low voltage state. By pro- 
viding a high impedance at transmission gate 76 the dig- 
ital charge pump 64 is electrically isolated from the op- 
amp 86 for all time other than the period where UP or 
DN signal is at an active logic level - for a 400 KHz ex- 
ample as shown in Figure 3b, the transmission gate is 
in a high impedance state for (2.5 Cb-3ns)/2.5Qs or 
99.88% of the time (when in a locked state). The dynam- 
ically-controlled transmission switch 76 greatly im- 
proves the signal-to-noise ratio, because it allows the 
complete signal from the charge pump 64 to charge the 
filter with high linearity during the time the transmission 
switch is in a low impedance state due to the fast switch- 
ing of the gates (inverter/non-inverting buffers 68 and 
66) and the speed of the transmission switch 76. without 
a dead-zone, and it isolates noise from entering the op- 
amp 86 during the remainder of the time. 
[0032] The noise and spurious performance are relat- 
ed to the matching between the p-channel transistors 
70, 80 and 90, between the n-channel transistors 72, 
82, and 92, between the ratios R1/R2 and R3/R4 of re- 
sistors 74, 84, 91 and 93. Accordingly, the devices that 
must be matched are similar devices (rather than com- 
plementary devices) and a better dynamic matching be- 
havior can be achieved. Thus, mismatching of compo- 
nents has a negligible effect on noise in this structure. 
Whatever noise is generated through mismatching is 
largely isolated from propagation to the op-amp 86 due 
to the transmission switch, which is normally in a high 
impedance state. The op-amp is in follower mode during 
the high impedance state and cannot integrate any mis- 
match or offset error. Additionally, no biasing blocks are 
needed, as in prior art charge pump devices, minimizing 
the size of the analog section. Also, a DC voltage is ap- 
plied to the non-inverting input of op-amp 86, eliminating 
common mode problems. 

[0033] A standard analog current source charge 
pump, on the other hand, needs an overlap time be- 
tween UP and DN signals that is relatively big, on the 
order of 1 0ns for a 400kHz reference signal, as com- 
pared to the 3ns signal required by the present invention 
(also for a 400kHz reference signal). This is due to the 



difficulty of the analog charge pump to cut the current 
source and it needs time to settle, as opposed to fast 
switching gates. Additionally the setting of the current 
on a p-type source is difficult to match with an n-type 

5 source; therefore a certain time period is required to al- 
low the output to null the charge at the filter when the 
signal is locked without generating excessive spurs due 
to the mismatch on the current spikes generated by cut- 
ting the current source. The large overlap time require- 

10 ment degrades the noise performance of the standard 
approach. 

[0034] Although the Detailed Description of the inven- 
tion has been directed to certain exemplary embodi- 
ments, various modifications of these embodiments, as 
is well as alternative embodiments, will be suggested to 
those skilled in the art. The invention encompasses any 
modifications or alternative embodiments that fall within 
the scope of the Claims. 
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Claims 

1. A phase locked loop circuit, comprising: 

a phase detector; 

a charge pump for generating a charge on a 
node responsive to the output of said phase de- 
tector; 

an active filterfor generating an output respon- 
sive to said charge on said node; 
a voltage controlled oscillator for generating an 
output frequency responsive to an output of 
said active filter; and 

wherein said charge pump includes a transmis- 
sion gate for selectively providing a high imped- 
ance state between said node and said filter 
during inactive periods of said charge pump to 
electrically isolate the charge pump from said 
filter. 

2. The phase locked loop circuit of claim 1 where said 
charge pump includes a first gate coupled to a first 
control signal from said phase detector and a sec- 
ond gate coupled to a second control signal from 
said phase detector. 

3. The phase locked loop circuit of claim 2 wherein 
said first gate is a non -inverting buffer and said sec- 
ond gate is an inverter. 

4. The phase locked loop circuit of claim 2 and further 
comprising a first resistor coupled between an out- 
put of said first gate and said node and a second 
resistor coupled between an output of said second 
gale and said node. 

5. The phase locked loop circuit of claim 1 and further 
comprising control circuitry coupled to said trans- 
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mission gate for switching the transmission gate be- 
tween high impedance and low impedance states. 

6. A phase locked loop circuit, comprising: 

5 

a phase detector receiving first and second 
clock signals and generating first and second 
control signals indicative of the relative fre- 
quencies of said first and second clock signals; 
a charge pump for generating a charge on a 10 
node responsive to the output of said phase de- 
tector, said charge pump comprising first and 
second logical gates for receiving respective 
first and second control signals from said phase 
detector, said first and second logical gates « 
having outputs for charging a node; 
an active filter for generating an output respon- 
sive to said charge on said node; and 
a voltage controlled oscillator for generating an 
output frequency responsive to an output of 20 
said active fitter. 



7. The phase locked loop circuit of claim 6 wherein 
said charge pump further includes a transmission 
gate for selectively providing a high impedance 25 
state between said node and said filter during inac- 
tive periods of said charge pump to electrically iso- 
late the charge pump from said filter. 

8. The phase locked loop circuit of claim 7, where said so 
charge pump further includes first and second re- 
sistors coupled to said gates. 

9. The phase locked loop circuit of claim B wherein 
said first and second resistors have the same resis- 35 
tive value. 



10. The phase locked loop circuit of claim 9 wherein 
said active filter includes an operational amplifier 
having an inverting input coupled to said transmis- 40 
sion gate and a non-inverting input coupled to a pre- 
determined voltage source and wherein: 

said predetermined voltage source comprises 
a third resistor coupled between a first prede- 45 
termined voltage and said non-inverting input 
and a fourth resisLor coupled between a second 
predetermined voltage and said non-inverting 
input: and 

the ratio of resistive values between said first 50 
and second resistors is the same as the ratio 
of resistive values between said third and fourth 
resistors. 
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